The chiral anomaly is the predicted break down of chiral symmetry in a Weyl semimetal, with monopoles of opposite chirality, upon applying an electric field parallel to a magnetic field. It occurs because of charge pumping from a positive chirality monopole to a negative chirality monopole. The experimental observation of this fundamentally important effect has been plagued by concerns of current flow along specific pathways. Here, we demonstrate unambiguously the thermal analog of the chiral anomaly in a bismuth-antimony alloy, driven into an ideal Weyl semimetal by a Zeeman field, with the chemical potential pinned at the Weyl points, and in which the Fermi surface has no trivial pockets. The signature of the chiral anomaly is a large enhancement of the thermal conductivity in an applied magnetic field parallel to the thermal gradient. The absence of current flow circumvents the extrinsic effects that plague electrical measurements.
Introduction
In 1929, Weyl 1 developed a general theory that describes relativistic equations of motion for both gravitational forces and electron dynamics, based on the similarity between the definitions of charge, as proportional to the electric flux, and mass, as proportional to the gravitational flux.
Materials that satisfy this theory now are known as Weyl semimetals (WSMs). At the time Weyl developed his theory, no definitive experimental measurement existed that confirmed WSM identity. Half a century later, Nielsen and Ninomiya 2 finally identified an experimental signature verifying Weyl's theory: the chiral anomaly. The importance of this anomaly extends beyond solid-state physics, because it provides one mechanism for charge-parity violation 3 and the matter/antimatter imbalance in the universe; in condensed matter materials, the analogous quasiparticle non-conservation is connected with a change in the vacuum state, thus preserving overall electron number.
The problem with using the chiral anomaly as the experimental identifier of WSMs is that their method of determination was tainted by two issues. First, in the WSM materials used until now, the Fermi surfaces contain features other than Weyl nodes. Second, the interpretation of the electrical measurements is complicated by distortion of the current lines by the applied magnetic field. In our research, we endeavored to prove the existence of the chiral anomaly free from these two contaminating factors. To achieve that, we present a determination that Bi89Sb11 alloys become ideal WSMs devoid of trivial pockets to the Fermi surface in a high magnetic field along the trigonal direction. Then, we present data on the magnetic-field dependence of their thermal conductivity that are the thermal equivalent of the electrical measurements previously used to identify the chiral anomaly. However, since no electrical contacts are made to the samples and no current flows, we avoid the extrinsic effects that contaminate magnetoresistance measurements.
Statement of the Problem
There are two defining features of an ideal WSM. First, the only feature of the band structure is that linearly dispersing bands intersect at Weyl points (WPs) in a system that breaks either time reversal (TRS) or inversion symmetry (IS). Second, the electrochemical potential  is at the WP energy within the energy range of the experiment. These conditions are illustrated in Figure 1(a) . In an ideal WSM, there are no trivial bands at energy , and there is no unintentional doping. Thus,  is pinned at low temperature to the WPs because they are the points with the n E     . This particle generation/annihilation process is the chiral anomaly.
minimum density of states (DOS) in the system. Then, the Fermi surface consists only of WPs with opposite Berry curvatures, WR right-handed or WL left-handed (see Fig. 1 ).
By the Nielsen-Ninomiya theorem, 2 the chiral anomaly is produced in ideal WSMs by the application of parallel electric and magnetic fields aligned along the direction of the WP separation, which gives rise to charge pumping between the WPs of opposite Berry curvature (see where  is the inter-WP scattering rate. The increase of zz  with z H gives rise to the longitudinal negative magnetoresistance (MR), which the scientific community had considered to be the signature of the presence of the chiral anomaly.
Negative MR has been observed in a large number of WSMs, e.g. the XPn compounds (X=Nb, Ta; Pn=As, Sb) 5, 6, 7 and Dirac semimetals 8, 9, 10, 11 , but also in other materials without Weyl points near  such as XPn2 compounds 12, 13, 14, 15 and even the elemental semimetal Bi
11
. The broad observation of this effect dashed the hope that the negative MR is a unique signature of the chiral anomaly, since other, classical effects might be present.
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The classical effects that can make electrical conductivity measurements ambiguous for proving the chiral anomaly arise because the Lorentz force distorts the current lines in a highmobility sample subjected to a magnetic field, giving rise to several extrinsic, geometry-dependent magnetoresistance mechanisms. In transverse fields, the Lorentz force concentrates the current lines at the sample edges, giving rise to large, positive, geometrical magnetoresistances. 17 In longitudinal fields, the Lorentz force instead concentrates the current lines in the middle of the sample. When 4-contact measurements are made of the magnetoresistance in longitudinal fields, the current lines then move away from the voltage probes, and the apparent 4-wire resistance decreases with applied field, a phenomenon labeled current jetting 18 that induces an extrinsic negative MR 11, 19 . Note that a geometrical longitudinal negative MR can arise even in nanowires and even when 2-contact measurements are used. For example, in Bi wires of 100-nanometer-scale diameters the resistivity is dominated by surface scattering at zero field, but that mechanism is attenuated when the cyclotron orbit becomes smaller than the wire diameter, resulting in a negative MR. 20 The chiral anomaly also expresses itself as an increase of ( ) A small, 1% experimental increase in the zz  of GdPtBi has been reported at z H = 9 T. 21 However, because the samples exhibit Shubnikov-de Haas oscillations in their magnetoresistance, it is clear that the GdPtBi samples studied are not ideal WSMs. In those samples,  is not at the WPs, as evidenced by a two-carrier fit performed in the supplement to that paper.
Here we report the presence of the thermal chiral anomaly in magnetic-field induced WSMs, Bi1-xSbx alloys with x = 11 at.%. We demonstrate that samples of these alloys, which are We point out that in an ideal WSM, the thermal chiral anomaly can be seen only at finite temperature where a small, but equal, number of holes and electrons are excited thermally. The imbalance in carrier concentration at low temperature determines the degree of ideality of the WSM: as long as this imbalance is smaller than the concentration of thermally excited carriers at the measurement temperature, the sample can be considered an ideal WSM. In this section, we demonstrate that Bi1-xSbx alloys (x  11.50.5 at%) become ideal WSMs in a magnetic field Hz above a critical threshold HC. The demonstration takes three steps, starting from the established fact that the alloys are topological insulators (TIs) 22 zero field: establish (1) that their conduction and valence bands cross at HC, (2) that with further increases in field, two crossing points appear that are monopoles of Berry curvature, i.e., WPs, and (3) that there are no trivial bands.
First, to determine that the conduction and valence bands cross at HC, we examine the evolution of the band structure of Bi1-xSbx alloys as a function of x composition and of an applied magnetic field along the [001] direction (see Figure 2) . At zero magnetic field ( Fig. 2(a)-(e) ), the Bi1-xSbx alloys evolve with increasing x from conventional semimetals to semimetals with an inverted band at the L-point of the BZ, to semiconductors 23 , to TIs. Even though the band structure, as shown in Fig. 2(a) 
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, is known experimentally, we needed to develop a band structure calculation to derive the Landé factors, which form a g-tensor (rather than a g-factor) in the Bi-Sb alloy system. The details of the anticipated electronic structure of the Bi-Sb alloy change slowly as these band positions change relative to the chemical potential. This is indicated by the nearly unchanged intrinsic spin-Hall conductivity calculated through the semimetal-TI transitions. With these parameters, we can show that a quantizing magnetic field along the trigonal direction of the TIs (Fig. 2(f)-(k) ) inverts the bands a second time. The total Hamiltonian
describes the effect of Zeeman coupling on the electronic structure for the alloy tb shown as points W in Fig. 2 
(i).
For the second step, we demonstrate that the Kramers doublets are WPs, resulting from explicit breaking of time-reversal symmetry. To do so, we show that the Chern number changes by an integer for a slice of momentum space taken between these doublets. The Chern number is an integer that counts the number of monopoles enclosed in a given Gaussian surface in the BZ.
First, we calculate the distribution of Berry curvature in momentum space for the alloy band structure in order to search for the WPs where the Berry curvature is concentrated and singular. The Berry curvature, Numerically, this is done by integrating F  in the (G1,G2) plane ( Fig. 2(k) ) while sweeping along the G1 axis (see SM). An integer change in the Chern number, which constitutes the evidence for a change of the topology and existence of the WPs, is detected in a pair of points separated symmetrically near each L point in the 3D BZ ( Fig. 2(j) The separation between the two WPs is in the binary-trigonal plane with a major component along the trigonal axis, which coincides with the external magnetic field direction and a minor component along the bisectrix axis.
Finally, in order to ascertain that the Bi89Sb11 system is an ideal WSM at Hz>HC, we must
show that there are no trivial bands present. The model shows this to be true: neither the T-point band nor any new bands move into the region of the chemical potential with increasing Hz. In a semiconductor or semimetal devoid of unintentional doping,  is pinned at the energy of the lowest DOS, which, in the absence of trivial bands is at the WPs themselves. Therefore, if we can keep unintentional doping to a minimum experimentally, the system on which the experiments described in the next section were carried out form ideal WSMs by construction.
Experimental
This section presents the experimental demonstration of the thermal chiral anomaly in four single-crystal samples of Bi1-xSbx (x = 11  0.8) (labeled 1, 2, 3, and 4) prepared by two different growth techniques (traveling molten zone (TMZ) and Czochralski). For comparison, in two semimetallic samples with x  5%, a composition in which a WSM does not exist, we report the absence of the anomaly. A summary of the sample labels, compositions, and measurements is presented in the methods section. The temperature dependence of the resistivity and low-field Hall effect of the best sample, sample 1, shows that charge carriers freeze out. This, and the absence of Shubnikov-
de Haas oscillations in all transport properties ( Fig. 3 and the data in the SM), indicate that the electrochemical potential is located at the WPs; thus, sample 1 is an ideal WSM.
The thermal conductivity zz along the trigonal direction of sample 1 (see methods) is given in Fig. 3(a) , and consists of a phonon contribution L and an electronic contribution E. The striking feature of zz is its increase with Hz at high field (Hz > 1 T at T < 50 K to Hz > 4 T at T =160 K) that follows an initial decrease at low field. When the field Hy is applied along the bisectrix axis of the crystal, Fig. 3(b) , zz(Hy) shows a steady decrease to a saturation value at high field. first a decrease, which we attribute to a conventional positive magnetoresistance in the TI regime, followed by an increase, which we posit is evidence for the thermal chiral anomaly. conductivity an shows increase with field of over 300% at 9 T. The data are taken on sample 1; the measurement uncertainty is described in the methods section.
 . This limit assumes that L has no magnetic-field dependence (see Ref.
[33]) and that the ambipolar contribution to E also vanishes with Hy. Fig. 3(c) reports the T-dependence of L for T < 120 K, which is extrapolated (dashed line) following a L(T)  T -1/3 law to 300 K, following Ref. [32] . L dominates zz below 34 K, the lowest temperature at which the increase in zz(Hz) is resolved. E(Hz) is isolated as zz(Hz)-L and reported as a function of Hz in Fig. 3(d) :
the relative increase of E in magnetic field reaches above 300% from 34 to 85 K.
We posit that the curves shown in Fig. 3(d) , which show a large signal, untangled from possible classical interpretations that plague the negative MR data, provide experimental evidence for the presence of the thermal chiral anomaly in WSMs. We interpret the curves as follows. The decrease in zz (Hz) at low field ( 
(zz, MIN is the value of zz at the field where it is minimal) is reported in Fig. 4(b) . We derive the following conclusions from the data in Fig. 4 . First, the angular dependence of the effect is more pronounced than a simple cosine function, and follows a cos 
Methods
We studied four main samples of nominal composition Bi89Sb11, labeled 1-4. These came from two separate single crystals, one grown in-house by the TMZ technique (see SM), and one grown by Noothoven van Goor using the Czochralski method.
34 Table 1 summarizes the sample compositions and purpose. We checked by X-ray diffraction (XRD) (see SM) the compositional uniformity of the middle part of the TMZ crystal from which sample 1 was cut; its composition is 10.50.3 at.%, and its compositional uniformity is interpolated from that of the crystal to be about 0.1%. We measured the low-field Hall effect and resistivity (see SM) of a separate piece of the TMZ crystal, which had an electron density and mobility of 2.3 × 10 Because Bi and Sb are isoelectronic, achieving freeze-out does not require exquisite control over the stoichiometry as it does in compound semiconductors, but the starting materials had to be zone- Torr), radiation-shielded environment of a Quantum Design Physical Property Measurement System (PPMS) sample chamber. The heat source was a resistive heater (Omega Engineering, Inc. 120 Ω strain gauge) bonded to a heat spreader fabricated out of an Al2O3 plate. The heat sink also was made of an Al2O3 plate that was glued to the base of PPMS's AC puck. The heat source and heat sink were bonded to the cleaved surfaces at the top and bottom of the sample using Ge-varnish to ensure that the top and bottom surfaces were free from short circuits. The thermometers were fabricated thermocouples made from 25 µm diameter copperconstantan couples. The thermometers contacted the sample at different positions along the temperature gradient with epoxy. We conducted measurements at discreet temperature points between 10 K and 300 K. The sample assembly was stabilized thermally at each temperature point for 30 minutes before each measurement. Magneto-thermal conductivity was measured in a sweeping-down magnetic field from maximum field of 9 T to minimum field of -9 T in the PPMS, with sweeping rate of 5 mT/s. Controls software was programmed using LabVIEW.
The thermal conductivity measurement error is dominated by the geometric uncertainty of the geometry of the sample, which is of the order of 10%. Heat losses were calculated from the measured heat leaks of the instrument, which vary with temperature but are of the order of mW/K above 200 K, much smaller than the thermal conductance of the sample. The copper-constantan thermocouples were calibrated in magnetic field by running a thermal conductivity measurement on a glass sample, presumed to have no magnetic-field dependence. The dependence on field up to 7 T was checked and found to be less than 2% down to 80 K, and less than 5% down to 34 K, the lowest temperature where zz is reported. Thus, the uncertainty of all data reported in Figures   3 and 4 is better that 10% and represents the aggregate of the thermocouple calibration uncertainty and the heat losses. One exception are the data in Fig. 4a , for which error bars are shown separately that reflect both sample-to-sample reproducibility and the errors on field and temperature dependences.
For angular-dependent magneto-thermal conductivity measurements, an angle between the temperature gradient and the magnetic field were set up by placing a pre-fabricated, solid copper wedge made to a desired angle. The copper wedge was treated as an additional set of thermal resistances and contact resistances in data analysis.
Data Availability
The datasets generated during and/or analyzed during the current study are not publicly available, but are available from the corresponding author on reasonable request. does not produce the correct ordering and behavior of the band edges at the L and T points. As shown in Fig. S1(a) , the linear VCA results in a band crossing of L points at around 3% antimony without a band inversion. In this model, an incorrect inversion occurs at a composition that is beyond the semimetal-semiconductor transition. Ref. [1] describes another approach to overcome this discrepancy with an alternative VCA:
This approach correctly describes the band inversion between La and Ls. However, it cannot reproduce the correct compositions at which band crossings are located or the experimentally known band gaps occurring at certain concentrations, as shown in Fig S1(b) . Here, we propose a non-linear empirical VCA:
and find the values of the α fitting parameters for each TB parameter fitting the experimental measurements. Since lattice parameters of the BiSb alloys are shown to follow the Vegard's rule up to 30 %, 5, 6 the structural parameters, such as lattice constants, atomic distances, relative positions of the two basis atoms in the conventional hexagonal cell, and primitive and reciprocal lattice vectors, are modified with a linear VCA. We also use a linear VCA for spin-orbit couplings and the third-nearest-neighbor overlap integrals, which do not affect the band structure significantly. We observe that changing the first-and second-nearest-neighbor parameters results in reordering of the bands that originate from ssσ, ppσ, and ppπ orbitals, but not of the spσ ones.
Furthermore, we also observe that different TB parameters have different effects on the band structure evolution. For instance, sigma bonds (ssσ and ppσ) shift the concentration x at which Ls and La bands intersect, whereas the slope of the T band is mostly affected by a change in pi bonds (ppπ). Moreover, the slopes of the Ls and La bands depend on the sigma bonds between s and p orbitals (spσ).
We report the parameters of the nonlinear empirical VCA in Table S1 . The band structure resulting from this VCA indicates that the band gap at 5% Sb is 3 meV, and the band gap at 12% Sb is 15 meV as shown in Fig. S1 (c). The intersection between La and Ls, between La and T, and between Ls and T are located at 6%, 7.7%, and 8.6% respectively. 
S2. The Fukui method, and the location of Weyl points (WPs) in the Brillouin Zone (BZ).
To find the monopoles of Berry curvature, i.e. the Weyl points, we must determine the distribution of Berry curvature in k-space. This is done most efficiently using the Fukui 7 numerical method described in the following steps:
(1) We use as a reference frame the reciprocal lattice vectors 1 2 3 ( , , ) = G G G G along the - Fig. 2(k) . We fix the fraction along the direction 3 (2) Next, we calculate the Berry flux through each small patch as
where ( ) i l U k is a link variable, which gives the phase acquired by the wave function of the nth band as an electron moves from
The energy spectrum of the 10 th and 11 th bands is given in Fig. S2.1 The WPs are centered around the L-points of the BZ. The separation found from the Berry curvature plot (see main text and Fig. S2.2) , is mainly along field direction (z), with a minor contribution along the Γ− direction (Fig. S2.2c) . The coordinates for the separation (1/2 on either side of each L-point) are at Hz = 8 T for the upper half of the BZ: . The traveling speed of the molten zone was set to be 1mm/hour to ensure equilibrium cooling conditions, thus avoiding coring. The growth apparatus was horizontal with a free top surface to accommodate the fact that the alloys expand upon solidification. In practice, the resulting single crystal had a composition of approximately Bi89Sb11, with an uncertainty of composition of 1%.
S3.2 Crystallography
The TMZ single crystal ( Fig. S3.2 (Fig. S3.2 ).
The cleaved surface was confirmed to be the (001) plane. The Si lines were used to correct small misalignments between sample and XRD spectrometer; the corrections affects the (003) lines the most, and the (006) lines, to which they were close, the least. welded to the sample. Electrical current contacts were made using a current spreader and electrically contacted to the sample with a thin layer of silver epoxy to create an even currentlines distribution. Longitudinal magnetoresistivity (MR) was measured on sample 4 along the
S4. Electrical characterization: Hall effect, magnetoresistance, and thermoelectric power
[001] crystal axis with the direction of the magnetic field direction parallel to the electric field.
Measurements were conducted at discreet temperature points between 10 K and 300 K. The sample was stabilized thermally at each temperature point for 30 minutes before each measurement was started. Electrical measurements were conducted with direct current and sweeping-down magnetic field from a maximum field of 9 T to a minimum field of -9 T in a Quantum Design Physical Property Measurement System with a sweeping rate of 5 mT/s.
Controls software was programmed using LabVIEW.
The error in the high-field Hall and resistivity measurements (i.e., when the product of the mobility times the field is larger than unity, or H > 5 mT at 10 K or 50 mT at 100 K) in the transverse magnetic field setup comes from the geometrical effect. Since the sample is short (L/W ratio is approximately 1.8), at higher field the effect of distorted current lines could lead to an underestimation of Hall resistivity and resistivity magnitude by as much as 5 to 10%, as reported in literature; 11 these errors would result in an overestimation of the carrier concentrations and an underestimation of the mobility reported. However, these errors are smaller at the low fields used here for Hall and mobility measurements.
S2.2 Low-field transverse measurements: zero-field resistivity, low-field Hall, carrier concentration, and mobility.
The low-field (i.e. H<5mT at 10 K and <50 mT at 100 K) Hall coefficient measured was converted into a carrier concentration, and the low-field mobility was then derived from the resistivity and this carrier concentration. The results are given in Fig. S4 .2.
As stated in the main text, the TMZ crystal had an electron density and mobility of 2.3x10 
S8. Longitudinal magneto-Seebeck effect
The thermopower of 
